In this study, we developed a poly(vinyl chloride) (PVC)-solvent casted mixed metal copper and 2 iron complexes capable of catalytic generation of the antibiofilm nitric oxide (NO) from 3 endogenous nitrite. In the absence of additional reducing agent, we demonstrated that the presence 4 of iron complex facilitates a redox cycling, converting the copper(II) complex to active copper(I) 5 species, which catalyzes the generation of NO from nitrite. Assessed by protein assay and surface 6 coverage analyses, the presence of the mixed metal complexes in systems containing water 7 industry-relevant nitrite-producing nitrifying biofilms was shown to result in a 'non-toxic mode' 8 of biofilm suppression, while confining the bacterial growth to the free-floating planktonic phase. 9
Introduction 18
The presence of surface-attached bacterial communities, which are commonly known as 19 biofilms, are disadvantageous for the water industry. Growth of biofilms can decrease heat 20 exchanger efficiency or foul water filtration membranes. 1, 2 Biofilms in water distribution pipelines 21
can cause microbial-induced corrosion and often act as reservoirs for pathogens, compromising 22 the microbiological quality of drinking water. 1 Microbial growth as biofilms in water systems is 23 usually controlled by addition of disinfectants, most commonly with chlorine and chloramine. In 1 many cases however, administration of these disinfectants have been shown to be ineffective at 2 eradicating the biofilm growth due to their increased resistance compared to their free-floating 3 (planktonic) counterparts. 3 Chlorination, while effective in killing fecal pathogens, has been 4 known to select for resistant pathogens in water distribution system, including Mycobacterium 5 avium (cause of pulmonary disease). 4 Biofilms with nitrifying bacteria as members have been 6 known to flourish in chloraminated system (due to the release of ammonia from chloramine decay) 7 and in turn, further accelerating the inactivation and decay of chloramine.
4,5 Therefore, there is a 8 clear need for the development of novel antibiofilm technology capable of suppression of biofilm 9 formation, with minimized tendency for inactivation and the occurrence of microbial resistance. 10 Nitric oxide (NO) is a soluble free radical gas that has been shown to effectively control the 11 formation of biofilms. NO affects biofilms either by inducing a toxic pathway (cell death) at high 12 concentrations or via a non-toxic pathway at low concentrations that cause microbial members to 13 disperse from biofilms and revert to a free-floating phase. [6] [7] [8] These properties of NO have led to 14 the development of novel strategies to control biofilms and biofilm-related infections, which could 15 find broad applications in industrial water settings as well as in clinical settings, e.g. biofilms on 16 prosthetic implants, catheters or living tissues that can cause chronic infections. However, 17 application of NO as antibiofilm agent is still limited due to its high reactivity and short half-life. 18 Consequently, several research efforts have focused on the synthesis of materials that are capable 19 of delivering NO to the target site. 9 
20
In general, materials that are capable of delivering NO can be divided into two types: NO-21 releasing materials and NO-generating materials. [10] [11] [12] NO-releasing materials utilize NO donors, 22 such as N-diazeniumdiolates (NONOates) or S-nitrosothiols (RSNO), incorporated into a 23 nanomaterial delivery vehicle or coating. Such materials have limited NO release due to the finite 1 reservoir of NO that can be loaded during synthesis. On the other hand, NO-generating materials 2 appear more advantageous due to their ability to generate NO from endogenous sources, such as 3 S-nitrosoglutathione (GSNO), S-nitrosoalbumin (AlbNO), and S-nitrosocysteine (CysNO), which 4 are present in plasma and blood, or from nitrite ions which are present in water. 8, [13] [14] [15] NO-5 generating materials are usually copper or selenium based, which can catalyze the decomposition 6 of endogenous NO donor to form NO. 8, 16 Copper(II) complexes that were embedded in a 7 poly(vinyl chloride) (PVC), polyurethane (PU), or polycarbonate-urethane (PCU) matrix have 8 been shown to be capable of generating NO at the polymer-solution interface. 10, 15, 17, 18 Other 9 studies have reported the use of metallic copper nanoparticles or copper particles incorporated into 10 polymeric films, 13, 19, 20 zeolites or metal organic frameworks containing copper, to generate NO 11 catalytically from endogenous sources. 21, 22 Organoselenium-based materials, such as 12 selenocystine and 3,3-diselenodipropionic acid, have also been used to generate NO from 13 GSNO.
11, 23 Importantly, the activity of the copper(II) and selenium as NO-generating catalysts is 14 dependent on the presence of a reducing agent that can reduce copper(II) to copper(I) or 15 selenium(II) to its reduced form, as the reduced form is the most active species in catalytic 16 generation of NO.
11, 17 The presence of reducing agents in the blood stream, including ascorbate 17
and free thiol/thiolate may facilitate strategies based on the catalytic generation of NO to control 18 biofilm formation or thrombosis on blood-contacting devices. 17, 24, 25 Note that NO is known to play 19 various physiological roles including in the vascular system regulating vasodilation and preventing 20 blood platelet activation and adhesion, 10, 26 which can be used in blood-contacting biomedical 21 devices to prevent thrombosis. 16 For generation of NO in water distribution system however, the 22 need for continuous addition of an external reducing agent is not desirable as it is costly and might 23 affect the water composition and quality. Therefore, a reducing agent that can be immobilized 1 together with the catalyst inside an appropriate polymeric matrix will be highly beneficial. One 2 such reducing agent that has the potential to be embedded in a polymeric matrix is iron. Iron(II) 3 has been reported to be able to reduce copper(II) to copper(I) in solution, which subsequently can 4 react with nitrite to form NO. 24, 27 5
In this study, we synthesized mixed iron and copper complexes (FeDTTCT and CuDTTCT, 6 respectively) immobilized onto a PVC matrix. (DTTCT: dibenzo[e,k]-2,3,8,9-tetraphenyl-7 1,4,7,10-tetraaza-cyclododeca-1,3,7,9-tetraene, a nitrogen-based ligand; Scheme 1). We 8 investigated the ability of the immobilized FeDTTCT in facilitating the reduction of copper(II) in 9
CuDTTCT to the active copper(I) species and its subsequent generation of NO via nitrite reduction. 10
The effectiveness of the mixed metal catalyst system in inhibiting biofilm formation without any 11 additional reducing agent and nitrite was also examined. Nitrifying bacteria, commonly found in 12 water distribution systems, were chosen as a biofilm-forming model organism. The synthesis of dibenzo[e,k]-2,3,8,9-tetraphenyl-1,4,7,10-tetraaza-cyclododeca-1,3,7,9-3 tetraene (DTTCT) was as earlier described by Wonoputri et al. 15 Briefly, benzil (0.05 mol; Aldrich 4 98%) and o-phenylenediamine (0.05 mol; Aldrich, 99.5%) were refluxed in ethanol with few drops 5 of hydrochloric acid (Ajax Finechem, 32%) for 6 hours at 80 °C, and cooled overnight. The white 6 precipitated crystals were filtered, washed with ethanol and dried in a vacuum desiccator. 7 8 2.2. Synthesis of copper-DTTCT (CuDTTCT) and iron-DTTCT (FeDTTCT) complex 9
Copper complex was prepared following the method described by Wonoputri et al.. 15 In brief in an ultrasonic bath. Round glass cover slips (18 mm diameter, ProSciTech) were washed with 20 dilute nitric acid, acetone, and ethanol followed by overnight drying at 110 °C before being used 21 as the cast template. Bare coupon (PVC without any metal complexes, typical weight ~20 mg) 22 was used as the control. To prepare the coupons that contain a mixture of the CuDTTCT and 23
FeDTTCT metal complexes, CuDTTCT (0.25 mg, 0.5 mg, 0.75 mg, and 1 mg; 1.25 wt%, 2.5 wt%, 1 3.5 wt%, and 5 wt%) and FeDTTCT (equal loading) were mixed with the pre-dissolved PVC in 2 THF solution in an ultrasonic bath, and then casted on the round glass cover slips. All coupons 3 were dried at 50 °C for 12 hours and peeled off from the glass cover slips. The effect of the mixed metal complex coupons on nitrifying biofilms was assessed as previously 18 described. 15 Biofilm was formed from a mixed inoculum of nitrifying bacteria that is available 19 commercially for the purification of aquarium water and is comprised of ammonia-oxidizing 20 bacteria Nitrosospira multiformis, nitrite-oxidizing bacteria Nitrospira marina, and heterotrophic 21 bacteria Bacillus sp. (Aquasonic Bio-Culture). One mililiter of the mixed inoculum was added into 22 100 mL of the nitrifying medium (ATCC medium 2265 consisting of three different stock solutions 23 -stock 1 (final composition in the medium mixture): 25 mM (NH4)2SO4, 3 mM KH2PO4, 0.7 mM 1 MgSO4, 0.2 mM CaCl2, 0.01 mM FeSO4, 0.02 mM EDTA, 0.5 µM CuSO4; stock 2: 40 mM 2 KH2PO4, 4 mM NaH2PO4, adjusted to pH 8 by 10 M NaOH; stock 3: 4 mM Na2CO3) and incubated 3 for three days in the dark (30 °C, 100 rpm). The three-day-old cultures were inoculated into fresh 4 medium and 2 mL aliquots (OD = 0.008) were added into 12-well plates with the presence of a 5 bare coupon (control) or a mixed metal coupon. The plates were then incubated in the dark for 3 6 days at 30 °C, 100 rpm. At the end of incubation, the bacteria supernatants were removed and 7 centrifuged at 12,000 rpm for 15 min and washed in phosphate buffer saline (PBS; Sigma) once to 8 separate planktonic bacteria. The supernatants were filtered through a 0.2 µm membrane and used 9
to measure the extent of copper and iron leaching from the coupons by ICP-OES (PerkinElmer 10 OPTIMA 7300). The biofilms were washed twice to remove the loosely attached cells. The 11 biomass was measured by quantifying total protein content by using the bicinchoninic acid method 12 (BCA assay; Sigma). BCA working reagent (2 mL) was added into each of the biofilm and 13 planktonic cells, followed by incubation for 30 min at 37 °C, 100 rpm. A preliminary experiment 14 has shown that the presence of a mixed metal coupon did not interfere with the assay, even after 15 the incubation step. Standard solutions as per manufacturer's instructions were used for each 16 
experiment. 17
Surface coverage analysis and cell viability assessment were performed using confocal laser 18 scanning microscopy (Olympus FluoView TM FV1000) of LIVE/DEAD-stained biofilm cells. For 19 microscopic observation, an aliquot of the nitrifying culture was added into a 35 mm culture dishes 20 with coverglass bottom (internal glass diameter 22 mm, ProSciTech) with the presence of bare 21 coupon (control) or mixed metal coupon, followed by incubation in the dark for three days at 30 22 °C, 100 rpm. At the end of incubation, the supernatants were removed and biofilms attached on 23 the glass substratum were washed twice with PBS. Adhered cells were stained with SYTO-9 and 1 propidium iodide according to manufacturer's instruction (LIVE/DEAD BacLight TM bacterial 2 viability kits L-7007, Molecular Probes Inc.) and incubated at room temperature for a minimum 3 of 15 min. Twelve pictures across the glass bottom were obtained and surface coverage analysis 4 was performed on live cells (green channel) using image analysis software (Fiji/ImageJ). All 5 statistical analyses were performed on GraphPad Prism 6 (GraphPad Software) using one-way 6 ANOVA method followed by Dunnett's posthoc analysis. 7 coupon (along with their associated set of controls) was performed amperometrically, where NO 7 peak can be observed upon addition of 1 mM nitrite into the systems (Figure 3) . Low and stable 8 levels of NO was generated in the various control systems. In the case of the bare PVC coupon 9 (without metal complex) and coupon with 1 mg FeDTTCT loading, up to 25 nM NO were 10 generated, which is thought to result from the formation of nitrous acid from nitrite and its 11 subsequent decomposition in acidic pH.
31 A higher level of 50 nM NO was generated in the 12 presence of coupon with 1 mg CuDTTCT loading. The interactions of copper(II) with various NO 13 donors, such as nitrite and S-nitrosothiols, have been reported to generate low levels of NO. is the most active species for NO production from nitrite. 15, 17 Copper(II) reduction by iron species 6 and importantly, the generation of NO from nitrite via reaction with the formed copper(I) species, 7 have been observed by several studies.
24,27,34-37 Up to this stage, copper(II) reduction by iron(II) 8 has been reported in solution form, either homogeneously (both metals as dissolved species) or 9 heterogeneously (with one metal in solution form). 36 Eventually, when the formed copper(I) is 10 oxidized to copper(II) and iron-facilitated reduction of copper(II) does not happen anymore, NO 11 generation will stop. 12 Doubling the mixed metal complexes loading to (1+1) mg caused an up to 2-fold increase in NO 13 generation in the presence of nitrite, also detected within similar time frame as that of the lower 14 loading of metal complexes (in the first 750 s). This was again followed by a similar slow 15 decrease in NO concentration prior to PTIO addition. The enhanced NO generation was due to the 16 presence of more catalytic active sites with the increasing amount of metal complexes. The iron complex-facilitated copper(II)/copper(I) redox cycling is supported by the observed 7 changes in the binding energy of iron and copper species, as revealed by XPS analysis of the mixed 8 metal complexes before and after addition of nitrite and the subsequent NO generation (Figure 4) . 9 The XPS spectra of FeDTTCT in the mixed metal coupon can be deconvoluted into two Fe 2p3/2 10 peaks at 711.3 eV and 713.9 eV, with a satellite peak at 719.4 eV (Figure 4a top/before reaction), 11 which is comparable to those of the as-synthesized FeDTTCT (Figure S2) . Note that to the best 12 of our knowledge, there is currently no published data on the XPS spectra of FeDTTCT, and the 13 species. 38 The CuDTTCT in the mixed metal coupon mainly exists as copper(II) species, with 2 detection of Cu 2p3/2 peak at 934.7 eV along with two satellite peaks at 940.1 eV and 943.7 eV 3 (Figure 4b top/before reaction) . Following NO generation in the presence of nitrite, a significant 4 Fe 2p3/2 peak shift from 711.3 eV to 712.1 eV was observed, along with the disappearance of the 5 second Fe 2p3/2 peak (the satellite peak also shifts to 718.6 eV) (Figure 4a bottom/after reaction) . 6 This shift of Fe 2p3/2 peak to higher binding energy indicates oxidation of the iron complex. catalytically generated NO 7 The potential of CuDTTCT+FeDTTCT mixed metal complexes as NO-generating material for 8 antibiofilm application was investigated on the ubiquitously-occurring nitrifying bacteria biofilms. 9
Nitrifying bacteria of the Nitrosomonas and Nitrosospira genera are commonly known as 10 ammonia oxidizing bacteria or AOB, capable of oxidizing ammonia to nitrite. Nitrite production 11 from ammonia occurs via a two-step process involving firstly, the conversion of ammonia to 1 hydroxylamine catalyzed by the enzyme ammonia monooxygenase (Amo) and secondly, the 2 conversion of hydroxylamine to nitrite by the enzyme hydroxylamine oxidoreductase (Hao). Here, 3
we investigated for the first time the ability of the mixed metal complexes to catalytically utilize 4 the nitrite produced by bacterial biofilms for NO release through redox cycling. Biofilms 5 containing the AOB Nitrosospira spp. was grown in an ammonia-loaded culture medium in the 6 presence of bare (PVC-only) coupon and after 3 days, 16 mM nitrite was detected in the system 7 (by ion chromatography). Low level of 0.1 mM nitrate was also detected in the system, potentially 8 due to the presence of nitrite-oxidizing bacteria (NOB) Nitrospira spp. in the inoculum, capable 9 of oxidizing nitrite to nitrate. The biofilm growth was characterized by detection of ~300 µg/mL 10 protein on the well and bare coupon surfaces, while ~100 µg/mL protein was detected in the 11 suspended planktonic phase. In such self-produced nitrite environment, the mixed metal systems 12 exhibited a unique anti-biofilm effect, as described in the following. 13
The extent of biofilm and planktonic growth in the presence of increasing mixed metal loading 14 of (0.25 mg Cu + 0.25 mg Fe), (0.5 mg Cu + 0.5 mg Fe) and (0.75 mg Cu + 0.75 mg Fe) were 15 investigated. The presence of (0.25+0.25) mg mixed metal complexes was benign to the bacterial 16 growth, with comparable biofilm and planktonic biomass detected as those in the presence of bare 17 coupon as control (Figure 5a) . Increasing the metal loading to (0.5+0.5) mg caused a 20% 18 reduction in biofilm biomass relative to the control growth and in parallel, a 20% increase in 19 planktonic biomass. Ultimately, at (0.75+0.75) mg metal loading, a 36% decrease in biofilm 20 biomass was observed, which was followed by the detection of a 70% increase in planktonic Table S2 ) alone, did not alter the extent of 11 biofilm growth and the presence of planktonic biomass relative to the control. Therefore, this 12 apparent 'dispersal-type' antibiofilm activity is most likely to result from the presence of NO, 13 which in this case was catalytically generated by the mixed metal complexes from endogenous 14 nitrite, whereby the latter was produced by the AOB-containing biofilms. To confirm the involvement of the catalytically generated NO in the observed antibiofilm 10 activity, the well-characterized NO scavenger PTIO 40,41 was added into the mixed metal systems. 11
Commonly used to provide insight into the physiological function of NO, 41 we validated the 12 scavenging activity of 100 µM PTIO towards catalytically generated NO (from added nitrite) in 13 the mixed metal CuDTTCT+FeDTTCT systems (Figure 3) . The PTIO concentration, as also 14 reported in earlier studies, 40 only had minimal effect on the biofilm growth ( Figure S6) . Here, the 15 presence of 100 µM PTIO in the mixed metal systems were found to eliminate the antibiofilm 16 effects previously seen with the (0.5+0. alternatively can involve direct contact between cell appendages (e.g. pili proteins or EPS 22 components) with the iron substrate. 50 The effects could restart the redox cycling of iron and 23 copper and subsequently, the generation of NO from nitrite produced by the AOB. As observed in 1 the current study, the indicated slow release of NO at low concentrations tend to induce a dispersal 2 effect converting bacteria to the free-floating planktonic phase, which will otherwise induce lethal 3 effects on biofilms if rapidly generated at high levels.
14,51,52 Due to its non-growth inhibiting or 4 non-cell killing antibiofilm effect, the development of bacterial resistance to NO is unlikely. An iron complex (FeDTTCT) was successfully synthesized and incorporated into PVC matrix 13 together with an active copper species (CuDTTCT) for catalytic generation of antibiofilm NO from 14 nitrite. Amperometric measurement showed that the mixed metal complexes 15 (CuDTTCT+FeDTTCT) in nitrite solution was able to generate NO without additional reducing 16 agent. NO was generated from nitrite through copper(II)/copper(I) redox cycling, whereby nitrite 17 reduction to NO is via reaction with copper(I), the latter was formed from reduction of copper(II) 18 facilitated by the iron complex, as shown by XPS analysis. Here, we found that the mixed metal 19 complexes were capable of converting nitrite that was endogenously produced by nitrifying 20 bacteria biofilms, into NO. The generated NO subsequently exhibited a 'dispersal-type ' 21 antibiofilm activity or in other words, suppressing the biofilm formation without inhibiting 22 bacterial growth. The involvement of NO in the antibiofilm activity was validated by the use of 23 NO scavenger, whereby its presence in the mixed metal system canceled the antibiofilm effects. 24
The current study highlights the discovery of metal complexes-based material capable of sustained 1 catalytic generation of NO from endogenous nitrite for antibiofilm application. 
